Abstract: In the presented paper we deal with the impact of the mature spruce stand on the accumulation and melting of snow cover at Červenec research area located in the Western Tatras at an elevation of 1420 m a.s.l. The work analyses the data obtained from the monitoring of snow cover during the period 2009-2014 (6 seasons). Since the season 2012/2013 the measurements have been also performed in a dead part of the stand and in a meadow. The results proved significant impact of the spruce stand on hydro-physical characteristics of snow cover -snow water equivalent, snow density, as well as on their change due to the dieback of the stand. The data measured at individual locations (open space in the forest, open meadow area, living and dead forest) were tested with the paired t-test for the significance of average differences. Average snow water equivalent in the living forest, dead forest and meadow was 42%, 47% and 83% of the reference value measured at the open space in the forest, respectively. The process of snow accumulation and melting was fastest at the open space, followed by the dead forest. In the living forest, the processes were the slowest.
Introduction
Mountainous forests significantly affect local snow cover accumulation and melting (Holko et al. 2003; Pekárová & Halmová 2009 ). Forests are the most significant indicators of snow accumulation and melting in the regions with dominant snow cover (Varhola et al. 2010) . Forests cause differentiation of snow precipitation, while its interception is mainly dependent on meteorological conditions, such as air temperature, wind, and morphological tree species characteristics, e.g. arrangement, roughness of the surface, crown shape, elasticity of branches and needles (Mitscherlich 1971; DeWalle & Rango 2008; Homolák et al. 2009; Tesař et al. 2007 ). The impact of forests on snow cover was analysed by several authors (Bartoš et al. 2009a (Bartoš et al. , 2011 Holko et al. 2009; Hríbik et al. 2012; Šípek & Tesař 2014) as well as the effect of the change due to forest dieback (Boon 2008; Perrot et al. 2012; Pugh & Small 2012) . In our paper we deal with the dynamics of snow cover in a climax forest stand situated in the Western Tatras. These forest communities represent spruce forests of the final and the most complex successional stage of the biocoenosis development. They have a close to nature structure similar to virgin forests, and in contrast to planted spruce forests they have not been much affected by human activities (Bublinec & Pichler 2001) . In the last years, we have witnessed massive dieback of spruce forests in Slovakia, which results from a combination of several factors. Although its causes have not been proved to satisfaction, the crucial phase of spruce forest dieback was affected by bark beetle attack (Grodzki et al. 2006; Mezei et al. 2014) . This disturbance has also affected Červenec research area in the Western Tatras. The goal of the presented work is to analyse the impact of the forest stand on hydro-physical characteristics of snow cover (SWE -snow water equivalent, D -snow density) in the years [2009] [2010] [2011] [2012] [2013] [2014] . We also compare these characteristics in the living and the dead part of the stand during the winter seasons 2012/13 and 2013/14.
Material and methods

Study area
Červenec research area is situated in Jalovecká valley of the Western Tatras, and includes the climax spruce forest at an elevation of 1420 m a.s.l. (Fig. 1) . Climatologically, the area belongs to a very wet cool mountainous region (Lapin et al. 2002) with 140 to 160 days of snow cover on average (mean over the years . The annual average air temperature at Červenec is 2.4
• C, and long-term annual precipitation total is 1406 mm (Oreňák et al. 2013) . Geomorphologically, the research area belongs to Sivý vrch part of the Western Tatras. The area is characteristic by its Quaternary glacial terrain. The region is very diverse from the geological point of view; crystalline and mesozoic rocks can be found in the Inner Western Carpathians with limestone, marly limestone, marlite, claystone and sandstone from the Early and Middle Cretaceous, but also calcite, dolomite, and locally also slates and sandstones from the Middle and Late Triassic. East of the central ridge of Sivý vrch geomorphological part, crystallines represented by granodiorites and highly metamorphic rocks (gneiss) rise to the surface (Lexa et al. 2000; Oreňák et al. 2013) . The research area is located on this geological border. According to the soil map (Šály & Šurina 2002) and our field records (Oreňák et al. 2013) , cambisols were developed on metamorphites and granodiorites, and concomitantly rankers and lithosols were developed on lighter weathered acidic rocks. At the upper edge of the research area, cambisolic rendzinas formed on Mesozoic limestones occur. The research area is situated in the spruce altitudinal forest vegetation zone. Norway spruce (Picea abies (L.) H. Karst.) is the dominant tree species in the current tree species composition followed by Silver fir (Abies alba Mill.) and European beech (Fagus sylvatica L.) occurring at lower and moister locations. On extreme sites on the ridge and at the forest edge, dwarf mountain pine (Pinus mugo Turra) and European larch (Larix decidua Mill.) occur. Only sporadically sycamore (Acer pseudoplatanus L.), European ash (Fraxinus excelsior L.), rowan (Sorbus aucuparia L.) and wild cherry (Prunus avium L.) can be found. The research plot of an area of 0.1 ha is situated in an old-growth spruce stand in the breakdown stage. The plot has a north-eastern aspect with a slope of 65% and regular topography. Directly below the upper tree line, stand stocking is significantly reduced to value 0.6. Mean tree height is 26.8 m in the mature stand with the average stand age ≥120 years. Mean tree diameter at breast height is 40.5 cm. Dense understorey is composed of European blueberry (Vaccinium myrtillus L.) and red raspberry (Rubus idaeus L.). At the edge of the plot, the understorey also consists of grasses and herbs, and occasionally Norway spruce natural regeneration. Abundant natural regeneration of Norway spruce and rowan occurs at open space.
Experimental design and measurements
The research plot was established in 2006. Intensive monitoring of snow cover started on February 12, 2009. A 30 m long transect was established in the spruce forest (hereafter referred to as Forest). The transect comprises 7 points for measuring snow water equivalent, while the distance between the two points is 5 m, and 31 points at which snow depth is measured with spacing equal to 1 m (Fig. 2 ). Another transect was established at an open space, which is an open patch surrounded by a forest stand (hereafter referred to as Open). The patch size equals two stand heights on average. On this transect, three measurements of snow water equivalent (SWE) and 20 measurements of snow depth (SD) have been performed. The values from Open transect were taken as reference values. The samples were first collected once a month, since the winter season 2010/11 the collection interval was shortened to 14 days.
During the summer 2012, a part of the forest stand situated next to Forest transect died out. Due to this, we refined our observations of the forest impact on hydro-physical characteristics of snow. During winter 2012/13 we established two new transects. One transect was established in the living part of the stand (hereafter as Alive) (Fig. 3a) and the second in the part with dead trees (hereafter as Dead) (Fig. 3b) . The measurement scheme remained the same, i.e. SWE and SD were measured every 5 and 1 m, respectively. We continued to measure the original transects (Forest and Open), and we also established one new transect on meadow representing another type of open space (open meadow area -hereafter as Meadow). Meadow unlike the Open transect is open space situated out of the forest, on the meadow, where we expected different mode of snow transformation and movement by the wind. SWE was measured using standard VS-43 snow-meter, which was in winter 2009/10 replaced by a modern laminate snow-meter with a digital weighing scale from Kern (HDB10K10, d=10g, KERN & SOHN GmbH, Germany). The cross section of both snow-meters was 50 cm 2 . Precipitation total was measured and recorded at open space using the standard rain gauge with a cross sectional area of 500 cm 2 . Air temperature was measured and recorded every hour with Minikin instrument (EMS Brno, CZ).
Statistical analysis
Two hydro-physical characteristics of snow cover were statistically analysed. One characteristic was directly measured SWE, while the second one was snow density (hereafter as D) calculated from SWE and SD. First, basic descriptive statistics were calculated for each parameter. From them, 95% confidence interval for mean was derived. Prior to the paired test we verified if the conditions for its application were met. Normality of data set distribution was tested with Shapiro-Wilks W test. In case the data did not have the normal distribution, we applied a power transformation and the test of distribution normality was repeated.
The relationships between the changes in the snow water equivalent in the living forest (Alive) and the open space in the forest (Open), and between the dead forest (Dead) and the open space in the forest (Open) were quantified with regression and correlation analysis. To confirm or reject the difference between the effects of the living and dead forest on the change of snow water equivalent in comparison with the reference values at the open space, the equality of the parameters of two linear empirical models was tested with F test. The test characteristic for comparison of two univariate linear models is calculated as follows (Scheer 2007) :
where RSS1 and RSS2 are sums of squares of residuals of the 1 st and 2 nd regression models, and RSSs is the residual sum of squares of a complex model derived from the data set containing both samples, i.e. n = n1 + n2.
The results of the statistical analysis of the snow parameters were interpreted in relation to factors that could cause their change. (Fig. 4) . During snow-poor winter seasons 2009/10, 2010/11 and 2013/14, we even recorded complete melting of snow cover during the winter. The earliest snow fall was observed on October 10 th , 2010, when the snow water equivalent at the open space reached 31 mm. From our results we can state that at the research area the snow cover most frequently begins to occur in December, and culminates at the beginning of April (2008/09 and 2012/13), or in the middle of March (2011/12) . To determine the culmination during the winter seasons poorer in snow is rather complicated because the two-week-long measurement interval may cause that the culmination or the trend is not confidently captured in the data. Figure 5 shows the comparison of the arithmetical means of SWE between Forest and Open transects, that were calculated from the measurements during 6 winter seasons in the years 2009-2014. The average SWE in the forest was in the interval 102.7 mm ± 32.20 mm with 95% confidence level. At Open transect, the average value of SWE was 197.3 mm ± 44.74 mm with 95% confidence level. As expected, greater SWE values were observed at Open transect, where SWE was by 94.6 mm greater than in the forest. This indicates that during the observed period, SWE in the forest was 48% of SWE at the open space. Several authors found the difference between the forest and the open space at around 30% (Holko et al. 2009; Kantor & Šach 2002; Molotch et al. 2009 ). The difference between our results and the findings of other authors can be explained by the occurrence of the three winter seasons (during 6 years) that were atypically poor in snow, which significantly affected the final mean during the observed period. Table 1 presents the results of testing the significance of the average difference against zero.
The value p in Table 1 indicates the risk that we reject the hypothesis about the equality of the average difference to zero if the hypothesis is correct. Since p = 0.0000 does not exceed 5 % significance level, i.e. p = 0.05, we can make a conclusion that the greater average SWE at Open transect was statistically confirmed. The average difference of SWE between Open and Forest is 94.6 mm with the standard error of ±8.53 mm.
The evaluation of the relationship between SWE in the forest and SWE at the open space during snow culmination (Fig. 6) At that time, we started more frequent monitoring of snow cover in the interval of one week to obtain more thorough information about the melting process. We can also see that the snow water equivalent was always greater in the dead forest than in the living forest except for Januray 31 st and March 18 th , when the values almost equalled. SWE on the meadow was similar to SWE at the open space, but its temporal development reflected great impact of wind the meadow is exposed to.
The bottom graph of Fig. 7 presents the changes of snow water equivalent between the two subsequent measurements. This graph illustrates the stability of snow cover in the living forest. At first sight we can see that the temporal development is more stable in the living forest than in the dead forest or open space. The changes in the living forest are less sensitive to the increase of snow water equivalent than in the dead forest. This also holds for the melting phase. Snow melting is slower in the living forest than in the dead forest or at the open space. However, since the snow cover in the living forest is smaller than at the open space, its complete melting was finished earlier. From April 18 th to 28 th , we recorded the highest average snow-melting intensity equal to 2.14 mm day −1 at the open space, 1.43 mm day −1 in the dead forest (which is 66% of the snow-melting intensity in the open space), and 1.23 mm day −1 in the living forest (which is 57% of the snow-melting intensity in the open space). We can also see that on March 3 rd , 2013 we recorded the reduction of snow water equivalent at the open space, but the increase in the living forest. This could be caused by slight warming that did not result in melting under the forest, or it could result from the fact that the ratio of snow-melting intensity between the open space and the stand was greater than the interception of the living forest, or this phenomenon could be caused by wind.
Greater stability of snow cover in the living forest was confirmed by comparing the parameters of two regression equations (Fig. 8) . The change in the snow water equivalent at the open space -Open (x axis) was taken as an independent variable, while the changes in SWE in the dead forest -Dead (red cross) and in the living forest -Alive (green triangle) were dependent variables (y axis). The regression coefficient of the linear equation was greater in case of the dead forest (b = 0.655) than in the living forest (a = 0.537), which confirms greater stability of snow water equivalent in the living forest. This is due to the greater interception of snow and lower amount of solar radiation in the living forest. To confirm or reject the different impact of the living and dead forest on the change in SWE we statistically tested the equality of the parameters of these two empirical models. However, the test value F = 1.36 is lower than the critical value at 5% significance level, and thus, the derived regression models cannot be considered to be significantly different.
Statistical analysis of SWE during winter 2012/13 and 2013/14 Figure 9 presents a more detailed comparison of the average SWE calculated from two winter seasons (2012/13 and 2013/14) . The results in this figure allow us to compare the average SWE of the living forest (Alive), dead forest (Dead), open space in the forest (Open), and meadow (Meadow). From the data it is clear that the highest SWE was observed in Open transect, while the lowest SWE was found in Alive transect. The average Table 2 . Since in all cases p values in Table 2 are smaller than 0.05, each of the tested average differences can be considered significant with 95% confidence. Even the smallest difference of 10.2 mm is due to the low value of standard error (±1.90 mm) significant, which means that the living forest had significantly lower SWE than the dead forest. The comparison of Open to Meadow also revealed interesting results. Open had significantly higher average SWE than Meadow by 31.6 mm±7.84 mm. This is caused by a wind drift, since the meadow is exposed to wind, while Open is protected against wind by the surrounded forest. (Table 3) , it is significant with 95% confidence (p = 0.0249).
The results of the paired test shown in Table 3 indicate that snow density is significantly higher at open space than in the forest. The average snow density increases towards the end of winter as air temperature increases and the structure of the snow cover changes (Bartoš et al. 2009b ). Due to the shading by crowns, the snow structure changes more slowly in the forest than at the open space, where the impact of solar radiation on the change of snow density is not inhibited.
Statistical analysis of snow density during winter seasons 2012/13 and 2013/14 The average snow density during winter seasons 2012/ 13 and 2013/14 was 0.285 g cm −3 , 0.303 g cm −3 , 0.257 g cm −3 and 0.250 g cm −3 on Open, Meadow, Alive, and Dead transects, respectively (Fig. 11) . Hence, the highest average snow density was found on Meadow, followed by open space, while the snow density under the living or dead forest was the lowest. The significant differences in snow density were found between the open space and the living forest, and between the open space and dead forest. On the contrary, the differences between the living and dead forest, and between the open space and meadow were not significant. There are p-values higher 0.05 in this cases (Table 4 ) and average differences of snow density are lower or equal to 0.018 g cm −3 .
Conclusions
The paper presents an overview of the results obtained during the monitoring of snow cover at Červenec research area (1420 m a.s.l.) in the Western Tatras -Snow cover at the examined area usually occurs from December, and culminates from the middle of March until the beginning of April. During winter seasons 2009/10, 2010/11 and 2013/14 that were poor in snow, snow cover completely melted.
-The ratio of snow accumulation at the open space to snow accumulation in the forest increases in snowpoor winter seasons due to the interception -The average snow water equivalent in the living forest, dead forest, and meadow was 42%, 47% and 83% of the snow water equivalent at the open space, respectively.
-The average differences between snow water equivalent at the open space in the forest and snow water equivalent on meadow, dead forest, living forest, as well as the differences between the living and dead forest were significant.
-The average differences between snow density at the open space in the forest and snow density at living forest, as well as differences between snow density at dead forest and open space were significant. Differences of snow density inside of the forest (between dead and living forest) and outside of the forest (between open space and meadow) were not confirmed as significant.
-The comparison of snow accumulation and melting in the living and dead forest revealed that the snow cover was more stable in the living forest. During the maximum recorded melting intensity (April 18 th to 28 th , 2013), snow cover melted more slowly in the living forest (1.23 mm day −1 ) than in the dead forest (1.43 mm.day −1 ) or at the open space (2.14 mm day −1 ).
